Due to its abundant source, good biocompatibility, low price and mild crosslinking process, alginate is an ideal selection for tissue engineering applications. In this work, alginate vascular conduits were fabricated through a coaxial extrusion-based system. However, due to the inherent weak mechanical properties of alginate, the vascular conduits are not capable of biomimicking natural vascular system. In this paper, multiwall carbon nanotubes (MWCNT) were used to reinforce vascular conduits. Mechanical, dehydration, swelling and degradation tests were performed to understand influences of MWCNT reinforcement. The unique mechanical properties together with perfusion and diffusional capability are two important factors to mimic the nature. Thus, perfusion experiments were also conducted to explore the MWCNT reinforcement effect. In addition, cell viability and tissue histology were conducted to evaluate the biological performance of conduits both in short and long term for MWCNT reinforcement.
Introduction
Vascular tissue fabrication is an important research focus in tissue engineering. Researchers aim to biomimic the natural vascular system, which is considered to provide oxygen and nutrients to cells in engineered tissues as well as take away the waste. Due to the lack of an efficient vascular system, biofabrication of functional thick tissues remains a challenge in tissue engineering. Researchers have proved that inclusion of an artificial vascular network resulted in great improvement in cell viability and provided enough oxygen and nutrients for surrounding cells [1] [2] [3] .
In the past decade, several methodologies have been proposed for the fabrication of small-diameter vascular substitutes [4] [5] [6] [7] , including decellularized tissues [8] [9] [10] [11] , cell sheets [12] , biodegradable synthetic polymer-based constructs [13, 14] and natural biomaterial-based blood vessel grafts [15] [16] [17] . Decellularized tissues have several advantages, including being entirely composed of natural extracellular matrix (ECM) and having biocompatibility and appealing mechanical properties [18] . However, significant shrinkage was observed during the decellularization process [19] . Cell sheet approach provides the best burst pressure result so far [20] , yet the cell sheet approach has limitations in fabrication of small diameter and long length vascular substitutes [12] . A major problem with the synthetic polymer-based approach is due to the lack of specific reactive groups within the surface chemistry where difficulties are shown in cell attachment and signaling [21] . Besides, the byproducts of synthetic polymer are usually toxic or acidic during the biodegradation process, which further devastates the cell culture environment [22] . Natural biomaterials with great biocompatibility and degradability provide an ideal substrate for cell attachment and proliferation. However, as an inherent weakness, the mechanical properties of natural biomaterials are limited. Several researchers contributed to the development of fabrication of natural material-based, small-diameter vascular substitutes [15, 16, 23, 24] . None of them was capable to fabricate vasculature conduits with smooth and well defined walls, and in any desired length with controllable dimensions.
To address the inherent weak mechanical properties of natural polymers, in this work, carbon nanotubes were used and reinforced into artificial vascular conduits. Previous studies have shown that carbon nanotube reinforcement was capable of increasing the mechanical strength of materials significantly [25, 26] . Several experiments have been conducted to apply carbon nanotube in tissue engineering. Results showed that carbon nanotube was a suitable substrate for cells to grow on [27] [28] [29] . Mazzatenta et al. [30] demonstrated that carbon nanotubes are capable of promoting the tissue-specific development of seeded cells. Verdejo et al. [31] showed that carbon nanotubes have a positive influence on the increase of osteoblastic cell differentiation and proliferation.
In this paper, multiwall carbon nanotubes (MWCNTs) were used to reinforce alginate vascular conduits. Alginate vascular conduits used in this work were fabricated using an extrusion based deposition system. Compared to other methods available for vascular conduit fabrication, this method has a small fabrication time span, the capability to fabricate vascular conduits in any length, and acceptable biocompatibility [32] [33] [34] . Mechanical tests were carried out on vascular conduits with and without MWCNT reinforcement. To evaluate their tensile strength, burst pressure of vascular conduits was studied. Also, experiments were performed to evaluate the influence of MWCNT reinforcement on the dehydration, swelling and degradation properties of vascular conduits. Perfusion experiments were carried out to explore the effect of MWCNT reinforcement since perfusion and permeability capability is another important property of the natural vascular system in addition to its unique mechanical property. To test the biological performance of the conduits, cell viability and tissue histology experiments were also performed.
Materials and methods

Materials
Sodium alginate (purchased from Sigma Aldrich, United Kingdom) and calcium chloride (purchased from Sigma Aldrich, Japan) were used to form the hydrogel. 4% (w/v) sodium alginate solution was prepared in deionized water and placed in a shaker for 10 h at 120 rpm. Similarly, 4% (w/v) calcium chloride solution was prepared using deionized water. Pristine MWCNTs were purchased from Nano Labs Inc., USA. For preparation of the CNT solution, a functionalization method and an acid-washing treatment with 70% nitric acid (HNO 3 ) were used to oxidize the pristine CNTs. CNTs (100 mg) were dispersed by sonication in 250 ml for 1 h. The mixture of MWCNT-HNO 3 was refluxed at 140°C for 1.5 h while stirring. Then, the mixture was cooled down to room temperature. To evaluate the reinforcement effect, 0.5% and 1% (w/v) MWCNT solutions were dissolved in 4% (w/v) alginate solutions.
Fabrication
A new extrusion-based system (see Fig. 1A ) was used in this paper to fabricate vascular conduits. The vascular conduit fabrication system consists of a co-axial nozzle unit (see Fig. 1B ), a pressure regulator (EFD® Nordson, East Providence, RI, USA) and a syringe pump (New Era Pump System Inc., Farmingdale, NY, USA). In this paper, vascular conduits reinforced with 0.5% and 1% MWCNT were fabricated and used. 4% (w/v) alginate vascular conduits were used as the control group in all experiments since 4% alginate had good mechanical properties as well as acceptable biocompatibility [32, 35] . All fabrication parameters other than MWCNT concentration were fixed during fabrication. The alginate dispensing pressure and calcium chloride dispensing rates were set at 17 kPa and 16 ml/min, respectively.
Dehydration, swelling and degradation tests
Upon fabrication, vascular conduits were soaked in 4% (w/v) calcium chloride for 30 min to ensure full crosslinking. The vascular conduits were dehydrated at room temperature for 4 days. The dehydrated vascular conduits were then soaked in phosphate buffered saline (PBS) for swelling and degradation. The shrinkage rate by weight (SRW), diameter shrinkage rate (DSR), volume shrinkage rate (VSR) and swelling ratio (SR) were calculated using the following equations:
where W o is the original sample weight after fabrication, W i is the instant sample weight at the measurement moments, and W d is the dehydrated sample weight. D o and D d are the diameter of the original sample after fabrication and the dehydrated sample, respectively.
Mechanical testing
Upon fabrication, vascular conduits were soaked in the calcium chloride solution overnight. Soaking the samples in the calcium chloride solution minimized the effect of residence time on the samples. A Biotense perfusion bioreactor (ADMET, Inc. Norwood, MA) with a 2 N load cell was used to evaluate the tensile test. Each sample was a maximum of 30 mm long and was mounted on the rectangular mini sandpaper in order to prevent slippage during the test. By applying mechanical load, samples were ruptured in the middle or near the edge. Displacement and load information data were recorded by means of a data acquisition system (MTestQuattro System, ADMET, Inc. Norwood, MA). The burst pressure (BP) was calculated from mechanical testing results by rearranging the Laplace law for a pressurized thin-walled hollow cylinder [36] :
where BP is the estimated burst pressure (mm Hg); T represents the wall thickness (μm) of vascular conduits; and LD represents the lumen diameter (μm).
Perfusion and permeability study
To test the media perfusion and permeability capabilities of vascular conduits, a customized system was developed (see Fig. 2A ). The media perfusion system consists of three parts: a cell media reservoir, a pump (Cole-Parmer, IL, USA) and a perfusion chamber with a clear cover to prevent evaporation. Cell media was perfused from the media reservoir, through the pump and the vascular conduit, and pumped back to the media reservoir. Needles inserted into the fabricated vascular conduits were selected depending on the lumen diameter of vascular conduits. Surgery clips were used to fix ends to prevent leakage (see Fig. 2B ).
Cell preparation
Human umbilical vein smooth muscle cells (HUVSMCs) (Life Technologies, MA, USA) were used in this study to test cell viability when encapsulated in carbon-nanotube-reinforced vascular conduits as well as control group. Cells were cultured at 37°C in 5% CO 2 in smooth muscle cell growth media (Life Technologies, MA, USA) supplemented with smooth muscle cell growth supplement (Life Technologies, MA, USA), 100 μg/μl penicillin, 100 μg/ml streptomycin and 2.5 μg/μl Fungizone. Culture media was replenished every other day. Cells were harvested upon 70-80% confluent, and were centrifuged down and resuspended in 4% (w/v) sodium alginate solution containing 1% MWCNTs. The cellular solution was gently mixed with a vortex mixer until uniformity was reached. The density of cells used in this study was 10 × 10 6 cells/ml. The cellular sodium alginate solution was loaded into the extrusion unit along with the crosslinker solution. When two solutions were extruded through the coaxial nozzle unit, sodium alginate through the sheath section and the crosslinker through the core section, crosslinking started forming vascular conduits.
Cell viability test
To check the biocompatibility of MWCNT-reinforced vascular conduits, cell viability analysis was performed to compare cell survival rate between control group and MWCNT-reinforced ones by LIVE/ DEAD staining, and semi-quantification of relative live cell ratio. In general, vascular conduits were stained with calcium acetoxymethylester (calcein AM) and ethidiumhomodimer-2 (Invitrogen), at a concentration of 1.0 mM each. Calcein AM is metabolized in living cells to form a bright green fluorescent product that accumulates in the cytosol. Ethidium homodimer is a red fluorophore that stains the DNA of nonviable cells but cannot penetrate living cells with intact plasma membranes. After a 30-min incubation, the staining medium was aspirated, and a new medium was added to wash off any residual stains on the vascular conduit surface before fluorescent illumination. Vascular conduits were then imaged under a Leica fluorescent microscope (North Central Instrument, Germany). ImageJ (National Institutes of Health, Bethesda, MD) was used for automated counting of red-and greenstained cells in each image, and percentages of viable cells were calculated as described in previous study Cellular droplets prior to printing were used for initial control for all groups.
Tissue histology
In addition to short term effect of cell viability of MWCNT reinforcement, vascular conduits were cultured for a prolonged time period, followed by histochemistry examination. After 6 weeks of in vitro culture in smooth muscle cell differentiation media, frozen vascular conduits were fixed and sectioned at 5 μm for histological examination for markers specific to smooth muscle cells. Verhoeff-Van Giesen was used to visualize collagen deposition. Collagen stains with a red color. All the procedures were carried out per the manufacturers' instructions. Sample slides were examined under an Olympus BX-61 BrightfieldFluorescent microscope (Olympus America, Melville, NY, USA) at different magnifications.
Statistical analysis
In fabrication experiments, more than 50 pieces of data were obtained by measuring different vascular conduits and different sections of vascular conduits under a digital microscope (Motic®, BA310, Motic Incorporation Inc., Canada). The data shown in Fig. 3 were an average of all 50 pieces of data. The statistical analysis was carried out using Minitab 16. The statistical difference analysis among groups was conducted by a two-tailed Student's t-test. Groups with a significance level of p b 0.05 Fig. 2 . Experimental setup for perfusion test: (A) perfusion system consists of three parts, a cell media reservoir, a peristaltic pump and a perfusion chamber, and (B) a conduit under perfusion.
were considered as significant. In dehydration, swelling, degradation, tensile testing and cell viability experiments, the sample number n = 3.
Results and discussion
Fabrication
A microscopic image of a vascular conduit is shown in Fig. 3A . Uniform, smooth and well defined walls were observed. Fig. 3B shows a scanning electron microscopy (SEM) image of a dehydrated vascular conduit. After dehydration, vascular conduits still maintained the lumen shape. Fig. 3C-D shows the inner wall surface and outer wall surface of the dehydrated vascular conduits. The results show that there were significant statistical differences in vascular conduit dimensions between the MWCNT reinforcement groups and the control group using the same fabrication parameters (see Fig. 3E ). Conduits with MWCNT reinforcement tended to have smaller vascular diameter, lumen diameter and wall thickness. However, between the 0.5% (w/v) MWCNT reinforcement group and the 1% (w/v) MWCNT reinforcement group, there were no significant differences in vascular conduit diameter, lumen diameter and wall thickness.
Dehydration, swelling and degradation tests
Experiments were conducted for dimensional characterization of dehydrated samples (see Fig. 4A ). Only vascular conduit diameters were measured on the dehydrated conduits because, after dehydration, vascular conduit wall thickness and lumen section were not visible under the microscopy. No statistically significant difference was observed between groups. Fig. 4B shows the vascular conduit shrinkage rate by weight. There was a clear difference between the reinforcement groups and the control group, whereas the shrinkage rate of 1% and 0.5% (w/v) MWCNT reinforcement groups was close to each other (61.48% and 62.30%, respectively). Shrinkage rate by diameter only represents the shrinkage in uniaxial direction. The ionically cross-linked alginate is a homogeneous structure, and thus the shrinkage process should possess isotropic homogeneity, which means shrinkage rates along all axes are same.
Swelling and degradation tests were conducted to explore the influence of carbon nanotube reinforcement on vasculature conduits. Fig. 5A shows the swelling ratio curve for the control group and the 1% MWCNT reinforcement group. The control group has a slightly higher swelling ratio than 1% MWCNT reinforcement group, but the difference was not statistically significant due to the relatively low MWCNT concentration. The maximum swelling ratio for the control group and the 1% MWCNT reinforcement group was 521 ± 30.17% and 477 ± 44.67%, respectively (see Fig. 5B ). No statistical difference was observed between groups. However, the difference between the calculated W max /W o for the control group and the 1% (w/v) MWCNT reinforcement group was obvious. The W max /W o ratio represents the conduit's liquid reabsorption capacity. The W max /W o ratio for control group and 1% (w/v) MWCNT reinforcement group was 30.17% and 44.67%, respectively. Thus, during the swelling process, the dehydrated conduits in control group and 1% MWCNT reinforcement group reabsorbed PBS up to 30.17% and 44.67% of conduits' original weight.
Mechanical tests
Mechanical tensile testing results are presented in Fig. 6 . The tensile strengths for the control group, the 0.5% MWCNT reinforcement group and the 1% MWCNT reinforcement group were 382 ± 19 kPa, 420 ± 22 kPa and 422 ± 23 kPa, respectively. Fig. 6A indicates that different MWCNT concentrations could change vascular conduits' mechanical properties. These differences in the tensile strength could be determined by the distribution, dispersion and alignment of the MWCNT in alginate, which could affect the physical and mechanical properties and the orientation of nanomaterial along the vascular conduits. However, there was no statistically significant difference between the tensile strengths of these two groups.
Based on Eq. (5), estimated burst pressure values are plotted in Fig. 6B . The estimated burst pressure for the control group, 0.5% (w/v) MWCNT reinforced group and 1% MWCNT reinforced group was 208.14 mm Hg, 215.89 mm Hg and 221.65 mm Hg, respectively. The 0.5% and 1% (w/v) MWCNT reinforcement increased burst pressure by 3.7% and 6.5%, respectively.
Perfusion and permeability study
Results after one hour of media perfusion show that all vascular conduits elongated from 8 cm to 8.4 ± 0.05 cm, which was caused by the weight of the conduits. The weight of the perfused media as well as the weight of the conduits themselves stretched the conduits toward the bottom of the perfusion chamber. It was observed that elongation started as media perfusion started and terminated in five minutes. Elongation terminated as long as the vascular conduit reached the bottom of the perfusion chamber. Diffusion rates are shown in Fig. 7 . The diffusion rates for the control group, 0.5% MWCNT reinforcement group and 1% MWCNT reinforcement group were 7.2 ± 0.48 μl/min, 8.4 ± 0.68 μl/min and 7 ± 0.71 μl/min, respectively. No statistical difference was observed among those three groups, which might be due to the negligible effect of MWCNT reinforcement on the alginate polymer structure. Firstly, the concentrations of MWCNT used in alginate reinforcement are relatively low, which were only 0.5% and 1%. According to the manufacturer, the diameter of carbon MWCNT is around 30 nm, whereas the alginate pore size is in the range of 30-450 nm [37] . Compared with alginate pores, the size of MWCNT is small and thus barely had an effect on permeability.
Cell viability
No significant difference was observed between the control group and the MWCNT reinforcement group immediately after printing as well as 3 days post in vitro culture. As shown in Fig. 8A , on day 0, immediately after fabrication, cell viability decreased in both groups compared to viability of control group, which was 75 ± 4% and 72 ± 1.6% in plain alginate and MWCNT-reinforced group, respectively. Nevertheless, no significant difference was observed in the cell viability of these two groups. Right after bioprinting, MWCNT-reinforced conduits had 53.5 ± 1.3% cell viability, which was similar to that of the control group with viability of 54 ± 1.4%. On day three, cell viability of both groups significantly increased compared to the viability on day 0, where MWCNT-reinforced group reached 71 ± 1.7%, and plain alginate group reached 69 ± 1.2%.
Tissue histology
Histochemistry study was taken to evaluate the long term biocompatibility of MWCNT reinforcement by checking cell morphology and tissue specific extra cellular matrix formation. Evident differences were observed between MWCNT-reinforced conduits and control group. Damaged cells with broken nucleus presented in the MWCNT group (Fig. 9A ) throughout the histology section; however, majority of cells showed normal encapsulated cell morphology with rounded nucleus and good integrity in the control group (Fig. 9B) . In addition, in the control group, cells were able to migrate towards the peripheral side of the channel wall, and deposit extra cellular matrix, forming a lining of cell-matrix sheet around the channel (Fig. 9D) . However, no visible matrix formation was observed in MWCNT-reinforced conduits (Fig. 9C) . 
Discussion
The proposed coaxial extrusion-based system enabled fabrication of vascular conduits, which can be used as supplement vasculature for scale-up tissue fabrication. In general, the proposed fabrication setup produces vascular conduits in any length with controllable dimensions from 500 μm to 2 mm in diameter. Conduit and lumen diameter could be easily controlled by controlling process parameters and the coaxial nozzle configurations. The unique mechanical property is an important factor to mimic the natural vascular constructs. However due to inherent weak mechanical properties of alginate, vascular conduits were not mechanically capable of mimicking the natural vascular constructs. Thus, carbon nanotube reinforcement was used in this work to improve the mechanical properties of alginate conduits. Multiwall carbon nanotube reinforcement improved the tensile strength and burst pressure by 10.5% and 6.5%, respectively. The improvement in tensile strength demonstrated that the stress was transferred between the alginate matrix and MWCNTs reinforced in the vascular conduit's composites. In addition, the external stress was effectively transferred from the alginate matrix to the reinforced MWCNTs through the better bonded interfaces in alginate-reinforced MWCNT composites. The mechanical improvement of MWCNT reinforcement was not as remarkable as expected due to the relatively low concentration of MWCNT in 4% alginate along with difficulties to control MWCNT alignment in conduits. Increasing MWCNT concentration increased the mechanical properties further and this would be more significant if lower alginate concentration was used; however, increasing MWCNT concentration decreases extrusion ability of the precursor solution resulting in nozzle clogging. In addition, increasing MWCNT concentration can be more detrimental in long-term performance of cells in culture as discussed later in detail. The distribution, dispersion and alignment of the MWCNT in the composite could improve the physical and mechanical properties of conduits as well. Compared with natural vascular, where burst pressure is around 3561 mm Hg [38] , further improvement will be necessary for transplantation purposes; however, the proposed reinforced vascular conduits would be sufficient to provide enough oxygenation for in vitro scale-up tissue and organ model fabrication. The effect of carbon nanotube reinforcement on conduits' fabrication, dehydration, swelling, degradation and perfusion properties was also explored in this paper. Results showed that MWCNT reinforcement has small effect on conduits' swelling ratio, degradation rate and perfusion capability, which was due to relatively low concentration of MWCNTs in the conduits. Whereas MWCNT reinforcement significantly influenced the dimensions of fabricated conduits. Conduits with reinforcement tended to have smaller vascular diameter, lumen diameter and wall thickness, which was due to the inclusion of MWCNTs that changed the alginate solution viscosity significantly. With MWCNT reinforcement, the alginate solution viscosity was increased, and thus under the same pressure, the solution was ejected with a smaller dispensing rate. Also, MWCNT reinforcement had a significant effect on the vascular conduits' shrinkage rate by weight and liquid absorption capacity. The W max /W o ratio for the control group and 1% (w/v) MWCNT reinforcement group, was 30.17% and 44.67%, respectively. The fact that the value of W max /W o for the control group was smaller than that of the 1% (w/v) MWCNT reinforcement group does not indicate that the reinforcement group had a higher liquid absorption capacity. Multiwall carbon nanotubes are not hydrophilic, which means that they do not absorb liquid during the swelling process. The liquid reabsorption capacity of 4% alginate was around 33%. If one assumes that W o of conduits is a gram and the weight of MWCNT in conduits is b gram, for the control group, the maximum swelling weight is 0.33a, and the value of W max /W o is 33%. However, for the 1% (w/v) MWCNT reinforcement group, the value of W o is 0.33(a − b) + b, and the calculated W max /W o is 0.33 + 0.67b/a.
In terms of biocompatibility, there was no significant difference for cell viability in the short term between plain and MWCNT-reinforced vascular conduits. Although decreased viability was observed immediately after fabrication, which might be largely due to the shear stressinduced damage caused during the extrusion process, as elaborated in our previous study [32] , cells were able to recover and grow with increased viability not long after fabrication in both groups. This may indicate that MWCNT reinforcement would not cause impaired cell function at least for short term. Nevertheless, evident differences were observed after over 6 week in vitro culture between MWCNT-reinforcement and plain conduits, with impaired cell growth, migration, and extra cellular matrix synthesis for MWCNT reinforcement. This could be explained by the toxicity effect of MWCNTs in the long run that restricted cells to perform their biological functions properly. Thus, very limited ECM formation was observed in the reinforced group in long term in vitro culture. In contrast, smooth muscle cells in the control group produced larger amount of ECM, particularly along the periphery of the conduits in addition to some matrix formation inside the lumen wall. We can speculate that encapsulated smooth muscle cells migrated toward the media due to growth factors. It is also possible that the altered hydrophobic, swelling and permeability properties due to MWCNT reinforcement, although not statistically significant, could cause profound difference in cellular response, as other studies have shown that matrix rigidity would direct differential cell growth and migration pattern for various cell types [39, 40] as well as matrix hydrophobicity [41] . In general, encapsulated cells in alginate network were confined and could not migrate and proliferate throughout alginate network easily resulting in limited matrix formation. For future studies, more biologically active materials, like collagen and fibrin can be generated into nano-scale fibers by different means such as electro-spinning, and be integrated into vascular conduit fabrication for enhancing mechanical properties, while maintaining, or even improving their biocompatibility.
Conclusion
In this paper, we performed a thorough investigation on the influence of MWCNT reinforcement on in-vitro performance of vascular conduits. The results show that MWCNT reinforcement had a significant effect on the dimensions of fabricated vascular conduits, vascular conduits' shrinkage rate by weight and liquid absorption capacity. Multiwalled carbon nanotube reinforcement did not affect swelling ratio, degradation rate and perfusion capability significantly. Although MWCNT reinforcement increased the tensile strength and estimated burst pressure for vascular conduits, further improvement is needed to reach the mechanical properties of natural blood vessels. Long-term culturing with expected elastin and collagen deposition would enhance the mechanical properties. In terms of biocompatibility, MWCNT reinforcement did not affect cell viability in the short term compared with plain alginate conduits, but it impeded cell survival as well as motility and ability to synthesize extracellular matrix in the long term. For future work, we will fabricate collagen and elastin nanofibers using the electrospinning process and reinforce them replacing MWCNT used in this paper. This will possibly improve both the mechanical and biological performances of the vascular conduits.
